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! The nutritional versatility  of dinoflagellates  is a
!+npkatkg  factof in identifying potential links  be-
pen  nutrient eurichment and the proliferation of
+nful algal bloom.  For exmuple, although diuo-
fiageltates  associated with hamful  algal blooms (e.g.
ked tides) are generally considered to be photo.
trophic  and we inorganic  xmtrients  such as nitrate
kr ph

3
bate, many of these  species also have pro-

+ounc heterotrophic capabilities either as osmo-
$rophs or phagocropbs.  Recently, the wider read oc-
4mrretice of the beterotmpbic toxic din0
&&a&z piscidda Steidinger et Burkholder,~~

L

teen  documented in turbid estuariue  waters. plies-
&iu pijcicidu has  a relatively proficient gmziug abil-
$y, but also  hm m ability to fuuctiou as a photo-
t#oph by acquiring chioroplasts from algaI prey, a
process  termed kleptoplastidy.  We tested the abilily

lb3’ NC!
df kkpto la~tkiic  P# @.kci& to take up 15N4&led

s,  urea, or glutamate. The photosynthetic
&t&~oftkecultureswasverified,inpart+byuse
df the fluorochrome, prim* which imiicated a
do&be  relationship between photosynthetic $tarch
*duction aud gnmh  irmdiauce. All  four N sub-
+d.e were  takn up by P. piscicido,  zmd the highest
wiptdce rates were in the range cited for phytoplauk-
t4n aad were similar,  to N uptake estimate  for pha-
*trophic  R. +isic&.  The demonstration of direct
upicnt acquisition ,by ldeptoplastidic P. @k&k
sjiggesta  that the r

T
onse

uyfrkut emichmettt
of the dinofb@lak to

complex, and that the specif-
id pathway of nutrient stimulation (e.g.  indirect stim-
u@ion through euhancemetit  of phytoplauktou prey
aqundauce vs+ direct stimulation by saprotm tic nu-
$+ent  uptake) may depend on P, pi.&  ’adb3s nuti-
Q9-I  state  (phagotrophy  vs. phototrophy).

A’$  indc?l:  wmdk: cryptophytes;  fish kills;  harmful al-
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gal bloom; ldeptoplastid~ nutrient loading; w
jtiwi&& primulin, star&  toxic diuofIag&ates

I@&&  p&5&  St&linger et Burkhotder (Di-
nophyceac) is one of several myzocytoticaUy  feeding
“heterotrophic” dinofiagcllates  with a reported ca-
pability for kleptoplastidy, the process by which
functional chtoroplaso  are retained from algal
(Larsen 1992, Laval-Peuto  1992, Schnepf an

rey
cr El-

briichter 1992, Lewi&  et al. 1999). Although this
form of mixotrophy  has been acknowledged in di-
noflagellates for a number of years, studies exam-
ining  the role  and regulation of phototrophic and
phagotrophic nutrition in kle
rue (e.g. Fietds  md  Rhodes P

topiastidic  species are
991, Skovgaard  19981,’

at least partly a consequence of the di&ulty in rcc-
ognizing and culturing kleptoplastidic  ciinoflageE
lates  (Schnepf et at, 1989, Schnepf and Elbtichter
1992, Lewitus  et al. 1999). Schnepf and Elbr%chcer
(1992) and Skovgaard  (1998) suggested that dino-
flagellates with m inconsisteat chloropl;lsc  number
per cell may be kleptoplastidic,  and further specu-
lated that the ability is more common in dinofla-
gellaces than previously considered. It is also possi-
ble that problems associated with maintaining seem-
in

P
Iy “phototrophic” dinoflagellates  in a laboratory

cu ture may be related, in some cases, to the untec-
ognized need to replenish prey supply. Awareness
of tbe prevalence of these and other mixotrophic
pro&s  has grown dramatically in recent years
(Stoeckcr  1998),  svessing  the need to understand
their physiological cc010gy  and role  in microbial
food web ftmcdon.

Stoecker’s (1998) classification  scheme for mi.xe
trophic  pro&s  presented a conceptual model for
Weptoplastidic  “protozoa” (e.g.  some  cilhtes, sar-
codines, and dinoflztgeilates)  based on  their relative
dependency on phototrophic  vs. phagoeophic  nu-
wition,  and  the  response of these ~~OCCWS  to light,
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$issolved  inorganic (nutrients, and  pa&xlate food
FvaiIability.  In this tiodel:  (a) carbon, nitrogen, and
phosphorus are ac *
kophy;  (b) growth77

ed primarily through phago-
very slow or ceases in the pro-

longed absence of prv, and (c) photosynthesis is
*ought  to be used to supplement carbon nutrition
by  covering respirato

;Y
demands during periods

Fhen prey arc scarce. he data to support the mod-
el are based primarily on information from studies
$th sarcodines or ciliates.  Recently, however, Skov-
gaard  (1998) suggested that photosynthesis in klep
@plastidic  Gymndnium  ‘gu&dentum’is  used primar-
ily to enhance suryival under food limitation, based
gn the  short (-2 ddy)  turnover time of ldeptochlo-
fo lasts.
! keptoplartidy al#o  has been demonstrated in
@sti  pinida (I,+ewitus  et al. 1999),  an ichthy-
@toxic  dinoflagcllate  that, over the last  decade, has
been  implicated as a causative factor of fish’  kills in
North Carolina estuaries and the Chesapeake Bay
!Burkholder  et al. 1992,1995,  Burkholder  and Glas-

MATERfAJS  AND METHODS

I The  &t&a f&&z%  isolate was obtained from the Neuse  River
&ury,*KUorth  Qrolina,  aped  i(s  identity was confinned  by thecal
Aate  conhnuration  (Steidhuter  et al. 1996).  usbine  scanning  elec-
&on microkopy  (Cl&o4  Ji., unpubt.).  tie  noztoxic  r&pores
&cd  in this experiment Iycre  derived from toxic zoospore  cul-
$ures  maintained in fish a@riums. Before beginning the ex er
iment,  toxic roosporcs  v&e  transferred to media R(f/2-e& c d
filtered  Jeawater;‘Guiliard  1975 but without Si) containing m
+monas  sp.  Katxcn  CCMP757 (CryPKophyccae),  an 8+m diim-
tter  cryptophyte previousb  shown to be a preferred prey species
&d  source of IdeptochloFplasts  for P. piscicido  (Clssgow  et al.
i996,  Y..cwitus  et  al. 1999) + Thii culture  was maintAt&  at 23”  C,

15 ppt,  and  a lighcdark  cycle  of 1%12  h (80 pE.rn-%-I),  and
inspected microscopically several times a day for !‘.  pirncidn  fecd-
ing behavior.

After  5 da\3  of maintenance.  P. bi.&%&z  was observed to  shift
from  a lag ;hue. when wing  & not npparcnt.  to an active
feeding
to rapId  y ingest cvptophyysP

be  when the majority of the
(referro r

pulation  was  obsewed
to as a “swarming re=

SpOllSC” or -*feeding  event  ; Glasgow et al. 1998. Lewitus et al.
1999). Thii  feeding event  was followed by a reduction in gtwing
activity, decreased ctyptophyte  abundance, and increased P.  pis-
cicidra  abundaucc.  five  hours after the feedin
mL) from this  culture were gently transferre dr

event, aliquors  (73
tD  18 12sml flasks.

Six of these were  sampled immediately (designated “initial” treat-
ment),  and 14  were placed in the dark. After  being kept  for 13
h in the dark, tit  12 fi;uks were  incubated at a relative\!  lw
irradiince  (70 bE.m-%-‘) for 3 b, after which six flask, were
sampled (designated “low  light” treatment). and the  remaiuing
sir placed  under a relatively high  irradiance (360 pEAm%+)  and
sampled 3 h later (designated “high light” treatment). The prin-
ciple of  this  experimental  design was to allow  compat%on  of
starch content and N uptake in: (a) “initial” J? &&%a  popula-
tiom  (containing recenity  ingested  chloroplasu)’  (b) “I& l$ht”
Dot&dons  (kle~to&xkiic  cultures  incubated for a short rime
I\n’der  a rela&e$  l&v irradiance);  and (c)  “high l ight” popula-
tions (kleptoplutidic  cutcures  cxamincd  &er a shift-up in growth
irndiance).  These three populations were  considered to be keep
toplastidic  b&cd  on microscopic ins ecdons  indicating that gnz-
inK  on cryptophytcs  did not occur ale r the initial  feedinn  ntnt.
an> cra&atio6  of DAPlstaintd  samples indicating that-plastid:
containing P. h&da did not contain cryptophytc  uuclci  (Lewi-
tus  et  al. 1999 P.

The above cultures were sampled for R pistidu  and Rhodomon-
(II  cell  count,  particulate nitronen.  d issolved nutr ients  (SO;.
NO.j,  diarohrd  f;ee  amino acids @IF&A  urea, and NH:), ;pta&
of l~N-lab&d  NH=. NO:. urea. or &&mate. aud  dicMladletc
and cryptoph?xc  &II,  c.gioropl&,  &d  starch areas. Cell  Eounts
were  measured on acid-Lugol’a-fixed  sample4  using a  Nagcottc
Bright tine hemacytometer  (depth Q.5  mm). For pardcubte  ni-
trogcn, water was fi l tered onto prccombustcd  Rutman  GF/C
fil ters,  frozen,  and Parer  measured usin

It
a Control Equipmenr

CHN ma&r (Parsons et J. 1984). Disso  ved  nutrient were  mea-
surcd in the f i l t rate from steri le  0.45+~m  polycarbonatc mcrn-
brane  filters. NOj  and NO;  concentrations were determined col-
orketrlca$  using a Technicon autoanalyzer,  and  urea was mea-
nured  by the urcasc  method  (Parsons et al. 1984). NW  concen-
trat ion .was  determined by the phenol/hypochlbrite  &xhnique
(Solarzano  1969). md  DFAA  determined bv reverse-Dhase  hieh-
performance li&id  cbromatognphy  (L&droth  id Mop&r
1979). Nutiient  uptake rate8  were  determined using ‘JN  tracer
techniques, following Glibert  and Capone  (1993). Labeled sub-
strates were added at an initial concentntion  of P pg  at X  L-1,
and samples were incubated for %I  min. Isotopic analyses were
conducted using a Finnigau  MAT 251 rnas$  spcctrometcr,  cou-
pled with a Europa AXA  sample inlet system.

Ccl1  morphoio&al  parameters were determined using;  image
analysis  (O@o&  in&c at&y&  sys tem wi th  FlashpoTnt  so&-
wue)  o n  4’,6diiidino-Z~henylindolc  (DAPI)-  o r  primulin-
stained samples. Sam Lea were  fixed with 0,546 KiSO,  (Sicracki
et al.  1987) and  then 895 hcxamethyleaeterramine-buffered  form-
aldehvde  (Throndsen  1978. Stoeckct  et al. 19891. incubated with_  .__.  _-_
a flu&&ome  (DAPI or primulln).  filtered,  .&d  t& ftlters  rap-
idly frozen on a liquid nitrogen-co&d  steel Mock (Lewitus  et al.
1999). The DAPI-staining  method followed Porter and Feig
(1980) and was used  to determine the  percentage of plastid<on-
taining  zoospores  that also contained irigcsted  a$oihyte  nuclei
(stained by D.-I).  As mentioned. DAPI  fluorescence indicative
of the  pr&nce of cxvptophyte  Axlei inside  zoos~orcs  was not
observe&  and thcref&  t&c  da&  are ilot  preseited.  The t-i-
mulin  method followed Caron  (1983).  Like  DALI.  nrimulin It a s
an excitation maximum in thi ult&ioler,  bus  wherear  DAPI
stains DNA, primulih reacts with  plasmalemma,  thecal  pl&s, and
starch (Sterling 1964. &villa  et al. 1986, KIut  et al. 1989),  We
uxd  primdin  fluorescence to estimate the starch area ttithin
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FIG. 1. ?%e  mean  and standard deviation of @.&&a  pi&i&z
vhite) or RAodombnru  sp. (black) abundance in the initial.  low
ght,  or high light  cultutir.

ee-living cvcoph te $hloroplua  and zoospore  klcptochlom
lasts. Starch 1s  a p h otovthctic  product of cryptophytes  that is
rocluced  within the ~riplastidai  splcc  (Santore 1985),  and a
revious  study dcmonsttatcd  the  accumulation of smh  within f?
irci&&z  kleptochloroplaso  (Lcwitus  et a!.  1999).
In another experiment, we tested the relationship between the

tirnulin-fluorescent  area within  C*ar  sp.  lW9001  (Crvp
bphyceac)  cells and the cellular  nonstructural carboh dnte  in
at&  cultures grown at three ixradiances  (211, d1 4, or 8
E-m-*-s-r)  uld  sam kd from  exponential growth phase. Sam-
Its  were  harvested b centrifugation,  resusPended  in a phos-
hate buffer, pH  6.8 Uwi~  and Caron  1990),  and ccl1  material
rtracted  by ceB  dis Ciorl,
eadbcater@  (hva x

using a Biospccs  ProducO  Mini-
runs on “Homogenize” setting using

Z-mm  diameter zirconiia/silica  beads). hfter  centrifugation  (mt
rocentrifugc,  16,000 XI g),  the supernatant  and Pellet were M-
lyzed  for total nonstmdturai  carbohydrates, using 30% perchkr-

Fw, 2. Epifluorcscencc  micrograph  of primulin-staincd  vti-
ti pi&i&  zoospore  excited hy  uluavi&t  light, showing the
lcptochloroplast  insidcl  an rpithecal  vacuole (I&). The pig-
Rented  area of the klcptochloroplasl  is reddish orange (phyce
‘yn autofluorescende),  and the primulin  stain shows up  a
c owish  white  Ruoreseence  surrounding the pigmented area.
scale bar, 4 pm).

16.6.-.-d-Y -..__“-

. . - _  . .. - . . . , .  . . .

._--  -.  _ ,

Rhodon?onae

I
B30  .-.-_-..- -_...-.._  - -  [IILow  Light  .-.. .  -. .,. - . -I

!!
=20 -
8

II
;I0 - -

0 i

T n High Light T I

Pdesterla Ptiesloria Rhodomonas
Primulin Pigment Primulln

FIG.  3. The mean and  standard deviation of (A) area per cell
or (B)  96 total cell area of @#stipircicido  primulin fIuorcsccncc,
Qhtia pijddda pigmebt  fluorescence, or Wdomorlor  sp. pri-
mulin  fluorescence of low light (white) or high light (black) cul-
tures.

it acid etitraction  and a colorimccric  assay based on the  phtnol-
sulfuric acid reaction  (Burke et  al. 1992). Absorbance  was con-
verted to concentration in millipm glucose equivalents Per
rnllliliter  using a standard curve (r = 0.9932).

A &test  ($ignihcance  level  of 0.05)  was used in al1  comparisons
of means nferred  to below.

RESULTS

Mean I? #iscicidcr population abundance in “ini-
tial” cultures (those sampled 3 h after the feeding
event) was .nearly IOO-fold greater than that  of &
domunac  (Fig. 1). Cxyptophyte  abundance did n6t
change significantly during the experiment. remain-
ing below 200 cell-mL-‘. Cultures incubated under
“low” or “high” light contained ca. 40% lower zoo;
spore abundances than initial cultures, but cell
numbers did not vaty with light treatment.

Primulin=staincd samples were analyzed for three
variables (Figs. 2, 3): (1) “&este&  prim&n,”  the
area within the pW.idcontaining  zoosporc vacuote
characterized by
white area of epi4

rimulin  fluorescence (yellow  to
cca in Fig. 2),  (2) “mteria pig-

merit,” .t.k area within the plastid-containing  zoo-
s
ti

ore vacuole characterized by pigment (phycoery-

rin) aucofkoresc~ce  (reddish orange area in Fig.
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j FIG  1.  The relationship bctwcen  the  primulin fluorescence

abea  per cell and nonstructural carbohydrate content per cell in
~t#omonar  sp. HP9001 cultures.  Afttr  l~tal  nonstructural car-
yhydrate  extraction, carboh+tc conccntntlons  were mea-
sured in both the cUssolvcd  (supernatanrl  and particulate (pellet)
Qctions.  The  carbohydrate content is plotted, ba$td  strictly  on
the  particulate extract (A) or based on the sum of particulate and
+soived rxtracts  (B).

I
$, and (3) “Rhodantonas  primulin,” the area within
the free-living cryptophyfe  chloroplast characterized
by primulin fluoreeence  (not included in Fig, 2).
In comparing light treatments, the “*sceria  pri-
@Iin”  area per zoospore  was nearly 50% greater
tp high-h

P
ht than in low-light cultures, whrle  the

Fount  o “@.esCeriu  pigment” or “Rhodomm  pri-
qmlii” area did not vary with treatment (Fig. 3A).
The treatment et&t on pf;estetia  primuhn fluores-
OXKC  and not RIwdomona~  prim&n  fluorescence is
{vidence  chat the ,positive  relationship between
growth irradiance &rd primuhn-reactive  material
(presumably starch) ’ is not a function of prey ingcs-
tion. Although the ,primulin fluorescent area per
Wospore  was signifi&ntly  greater in cultures grown
4 high light the re$uive  proportion of this area to
total cell area did not vary significantly with growth
ifradiance  (Fig. SB),  The average area of high- and
low-Iight  cells was 54  and 47 pmy, respectively (data
not shown). The relatively greater absolute, but not

Wd

FIG  5. Mean and smtdard deviations of (A) particulate nir.ro-
gcn concentntions  and (B) dissolved  nitrogen concentrations of
initial, low light, or  high light cultures. DFAA indicates diilvcd
free amino acids.

proportional, ~$!i&sria  primulin area
vs. low light cubures  suggests that !I

er cell in high
e increase in

cell size was related to an increase in primubn+tained
ccl1  material. Our assumption that this material was
starch is supported by the strong correlation between
primulii  fluorescence area  and nonstructural car:
bohydratc content in cells of the cryptophyte,  Cw
tomonas  5 .
between tft

(Pig. 4). The correlation coefficient
e primulin-stained area  per cell and the

carbohydrate content was 0.92 or 0.87 when carbo-
hydrates were measured in the pelleted or total
extract, respectively.

Particulate nitrogen decreased after incubation at
low or high light by an amount (64% or 55%,  rc-
spectively;  Fig. 5A)  that corresponded roughly to the
decrease in zoospore  cell abundance (61% or 59%,
respectively; Fig. I). The dissolved nitrogen pool. was
prcdominantl
experiment ( r

composed of NO;  throughout the
ig. 5B),  but the mean ratio of NH;,

urea, and DFIQA  to NO; concentration increased
over time by 41%,  164%,  and 62%,  respectively, at
low light, and 40%,  183%,  and 90%,  respectively, at
high light. These  patterns suggest the net biological
removal of NO;  and regeneration of NH$,  urea,
and DFAAs  over the course of the experiment.

Uptake of all four IjN-labeIed  substrates was de-
tected (Table 1). Not surprisingly, given the rela-
tively  high NO.;  concentrations in the dissolved N

P
001.  NO; was taken u at the greatest rate, fol-

owed by glutamate,d+,  and urea.  Ceils grown at
high light took up Nx or urea at significantly great-
er rates than low-light-grown celIs, but NOi  or glu-
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j TAatE  1. tsN  upnkc  rates  (mean t stan&avd  d&atoll)  of cultures grown  at (0~  or high iix&+ncc.  expcewd  as absolute label  uptake
i or up&  norm&cd  to the cell  abundmce  of @esfenk ~sn’&.
s Abolu~e  upcake rat< (Kg  x N-I-‘. h-l) ‘&t&t  pr ~mia  @Mdr*  tell  (fmok  S nil-’  h”)

; Twwclacnl NO; NH: Ural Gluam;lle No; ,wi; era dlllklntrlc

) Low light ?.Y  + 02 0.13 t 0 .03 0.0020 f  0.0009 1.00 2  0.37 200 + 70 0.16 2  0.01 65 - “ 9
i High light l.5 2  0.4 0.13 t 0.04 o.ooi9  z 0.0029 0.93 2  0.40 126 r.  so 0.54 2  0.21 72 z sa

i

i; mate  uptake did not increase with growth irradi-
\ ante. Because  the=  were mixed cultures (a. piscicida
j and Z&&~WUU),  it is impossible to determine ab
j solute uptake rates in either group. However,  given
i the relatively low abundance of cryptophytes  (ca. 1%
j of zoospore  abundance), the contribution of RIw
i domonar to overall uptake rates was likely to be very
iminor.  In fact, applying Stolte and Riegman’s
; (1996) maximum’  NO; or NW  uptake rate per cell
isurface  area of 8.5 X 10-j’  @mol~~m-e~h-l,  estimates
f of Rhodomonas population (mean area = 45 krny)
luptake  were a
i r o u g h l y

proximately 0.7 ng at N L-‘-h-‘,  or
0 . 0 2 9! to 0.04% (for NO;)  or 0.5% (for

INH;)  of the measured absolute uptake rates (Table
) 1). Even in the case of urea, where relatively low
Iuptake  rates were  measured, theoretical estimates of
jRhodomondt  population uptake (using a maximum
/uptake rate of 3  fmol N~cell-‘~h”l;  Syrett et al. 1986,
jPrice  and Harrison 1988) only accounted  for 28%
ior  8% of low or high iight estimates, respectively.
ITherefore,  the measured N uptake rates can be ac-
icounted  for predominantly by ;P.  ptscicida  uptake.
1 D I S C U S S I O N

i In Stoecker’s  (1998) review of mixotrophic  models,
$depcoplastidic  protists  were considered to acquire nu-
/tticsts  predominantly through phagotrophic means,
iand  photosynthesis  was thought to be important as a
+vlval mechanism for mairttaihing  respiratory re
!quirements  during prey limitation. An inference of
ithis  model is that photosynthetically driven cell
igrowth  (and therefore associated saprotrophic  nu-
jtrient  uptake) is slow relative to that supported by
ipha

Fl
atrophy.
esis

The potential contribution of photo-
jsynt to R @S&C&Z’s  growth was not addressed
iin this study, and remains to bc determined as a
@icaI  test of the model. However, the present find-
i!ngs suggest that japrouo hit  uptake can play an
/lmpOttant  role in 8. plstic&. ‘s nut&ion.  The results
jnot  only establish that the dinoflagellate can acquire
IN-nutrient3  directly when kleptoplastidic, but, based
;on  the following &guments,  suggest that nutrient
$tptake  rates were comparable to those estimated for
ghytoplankton,  and rivaled N uptake through pha-
gotrophy  in P. pisn’cida.
/ When normalized per cell (based on the entire I?
:@cicida  populatiorj;  i.e. with and without ingested
$Iastids  present), uptake rates of NO;, NW,  and
$+amate  (Table 1;)  were within the range of those
Feeported  for phytoplankton  (Syrett  et al. 1986, Antia
rt al. 1991, Lomas and Clibcrt 1999A).  I-Iypotl~eti-

catty,  direct  nutrient uptake may have been redom-
inated by, or even confined to, kleptoplasti It‘c P. pis-
cicada.  Lewltus  et al. (1999) presented evidence for
greater survival of kleptoplastidic cells over apoplas-
tidic cells in photosyntheticall

fy
active P.  p;sC;cidu cul-

tures.  The speculation that a raction  of the dinof’ia-
gellate  population was responsible for the bulk of
nutrient uptake would suggest that celhrlar  uptake
rates can be potentially higher than those reported
here.

Based on previous experiments on P.  piscicidu
grazing properties (Glasgow et al. 1998,  unpubl.
data), comparisons can be made between potential
nutrient acquisition via phagotrophy and klepto-
plastidy. Ingestion rates by P,  piscicida  zoospores on
C3yptomo~  sp. LR757,  a c

‘YRRhodomtmas in dze  and morp
tophyte resembling
oIogy,  averaged 1.5

cryptophyte  cells per zoospore  per day over a l&h
period. Using tbia estimate for ingestion of crypto-
phytes,  assuming that ah of the prey contents were
ingested per enCounter  (a false assumption, given
the myzocytotic mode of feeding), and using an es-
timate of ctyptophyte  N content of 1 pmotcell-’
(Lewitus and Caron  1990))  an N uptake  rate can be
estimated at 54 fin01 N

P
er P. piscitida  zoospore  per

hour. Based on a popu ation density equivalent to
those measured in this study, phagotrophic Y  up
take would be  approximately 0.8 pg at N L’l.h’l.
Though rough, this estimate su esta that rates of
N acquisition by kleptopla&lic 9. piscicida  (Table
1) may approach or even exceed mat obtained
through grazing.

The disproportional distributiou of ambient nu-
trients in experimental cultures precludes meaning-
ful comparisons of substratespecific uptake rates. It
is likely that the relatively high NOi  uptake rates
were related to high ambient NO;  concentrations
(Lomas  and Clibert  1999, and references therein).
Also, it is possible that the relatively low urea uptake
rates were a function of catabolic enzyme  inhibition
(e.g. urease)  by the relatively high ambient ?Irw
concentrations (Flynn and Butler 1986, Autia  et al,
1991, I3erg  et al. 1997). Perhaps a more relevant
comparison is the effect of growth irradiance  on up-
take rates for specific substrates. Only urea (absolute
and cellular rates) or NW  (cellular rates) were tak-
en up at greater rates at the higher irtadiance level.
Research is needed to determine whether this effect
of
in f

rowth h-radiance reflects N substrate preference
leptoplastidic  P.  p&&i&~.

From microscopic observations of natural popu-
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iations,  Glasgow (unpubl. data)  has observed chlo-
foplast  inclusions in Neuse River, North Carolina
i’presumptive  mti’ populations for days after
ita init,%  bloom period. In light of the association
between prey depletion and kleptoplastidy in labo-
htoty  batch cultures of P. piscicida  (Lewitus et al.
$999))  it is possible that such chloro
b field populations are indicative oP

last inclusions
kleptoplastidy.

However, the differentiation between kleptoplastid-
ic and actively graz/ng  P&S+&  remains problematic,
knd  may depend ,on the development of specific
barkers of photosynthetic activity. In this regard,
pe  use of p-k&n  fiuorescence  as an indicator
@rid/or  measure) ; of photosynthetic starch produc-
non may be useful for assessing the ecological rel-
bncc  (occurrence, role, and regulation) of keep
foplastidy  in P. piscicida.
i As pointed out, the physiological ecology of klcp
boplastidic  P. piscicida may bear importantly on the
$nnechanism by which nutrients inay regulate their
!growth.  In laboratory experiments (Burkholder et
lal. 1995,1998,  Buxtkholdcr  and Glasgow 1997. Glas-
bow  et al. 1998))  nutrient  (N or P) stimulation of P.
#is&i&z’s growth &s been demonstrated, either in
Iresponse  to elevated phytoplankton prey supply (the
balled “indirect stimulation” by nutrients) or
$hrough  direct acquisition of substrates, as shown
pt.h T-labeled pyotein  hydrolysate  (“direct stimu-
ilation”).  Based on those laboratoty results and die
$,,t  correlations between “presumptive. afiestiu”
!abundance,  phytoplankton abundance, and nutri-
ienc concentrations in natural waters (Burkholdet  et
jai.  1997, Burkholder and Glasgow 1997),;a  working
jhypothesis  depicting seasonal changes in mecha-
jnisms of nutrient stimulation in a temporate estuary
jsuch as the Neusa  River is presented in Figure 6,
iMost  of the fish kills involving P.  piscicida  occur in
jsummer.  However, a presumably important factor
Idetermining  the elrtent  and magnitude of toxic ac-
/tivity is the abundmce of nontoxic zoospores,  the
[direct  precursors df toxic zoospores. Nontoxic zoo-
Is  ore
St

abundance in the Neuse River has been
own to co-vary with  chlorophyll during spring phy-

i toplankton bloom periods (Burkholder and Glas-
igow 1997),  with the implication that nutrient regu-
jlation  of phytoplankton biomass also will indirectly
fcontrol  nontoxic P.  piscicidu abundance (“indirect
/nutrient stimulation”). Also, bloom parameters
j (magnitude, composition) may affect the propor-
i$on  of nontoxic zcpospores  that become ldeptoplas-
;hdic.  WC hypothe$ze  that the maintenance (i.e. as
jzoosporcs  rather @an other cell forms such as cysts
: or amoebae) and/br growth of these Meptoplastidic

; populations are dependent on the quantity and
: quality of available nutrients (“direct stimulation”).
!In this respect, P.  pr3cUIa’s  potential to came  fish
i Mb could depend on the supply of nutrients avail-
iable  to support seed populations of nontoxic kJep-
/ toplastidic zoospores that “fuel” toxic outbreaks.
!
I

Whether or how nuttienw stimulate I?  pisckida  is

I

(- ---i%StCtilt
as  phagomph  i at phototroph

I ,
I.

hc.  6.  Model  showing hypothesized sc~uon;ll  changes in
mechanisms of nutrient stimulation of&&a  pircicidu’s  growth.
Ia  the spring, nutrient acquisition by pbagopophic  P. ircici&~

rproarpores  is derived from phytoplankton prey, and there ore nu-
Gent enrichment may stimulate P. /Gsticida’s  growth by increasing
the magnitude of
ulation”).  After R

hyt+nkton  blooms (“indirect nutrientstim-
t e bloom diiipates, nutrients are acquired di-

r&y  by  phototrophic (kleptoplastidic)  zoospores,  and P. pisciti.
da?  growth, or at least maintenmce  of roorpore  populations, may
be controlled by the quantity and quality of ambient nutrienti
(“direct nutrient stimulation”). Both forms of nutrient stimula-
tion would lead to higher abundances of nontoxic zoospores,  the
direct precursors  for toxic zoospores,  and.therefore  increase the
potenttal  for toxic outbreaks (e.g.  Tish KW).

a critical issue in predicting the dinoflagellate’s po-
tential impact on estuarine fish populations. The or-
ganism is widespread (from  DeIaware  Bay to Mobile
Bay, Alabama), but toxic outbreaks have been doc-
umented in a relatively narrow range of its latitudi-
nal distribution; that is, ia various North Carolina
cstuaties  from 1991-1998, and in the Pocomoke Riv-
er in summer, 1997 (Burkholder et al. 1995, Lewitus
et al. 1995, Burl&older and Glasgow 1997, Maryland
Department of Natural Resources 1997, University
of Maryland Center for Environmental Science
1997). On comparing regions affected by R pisciti&
toxicity with those where P. pistitidu  is found but not
known to cause problems, certain general distinc-
tions in estuarine properties are su estcd, includ-
ing tidal flushing characteristics and9sh population
dynamics, and also nutrient concentrations (Burk-
holder and Glasgow 1997). For example, using fish
mortality  bioassays  and scanning electron micro-
scopic confirmation, P. $.wici&  was recently diiov-
ered  in the pristine North Inlet estuary, South Car-
olina (Lewitus, Willis, Glasgow, and Burl&older,  un-
publ. data). In contrast to sites of known I? j&G&
toxic events, North Inlet is characterized not only by
higher flushing rates, but also by a lack of anthrv
pogenic influence and relatively low inorganic nu-
trient concentrations (e.g. seasonal maxima in di+
solved inorganic nitrogen at some  sites rarely ex-
ceed 5 FM;  Lewitus et al. 1998). Athoygh  the North
Inlet I? pFsn’tida  populations became toxic in fish
aquariums, this
has not been 1

otential toxicity, to our knowledge,
e x ibited in a natural habitat. The hy-
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pothesized link between high nutrient concenqa-
tions and P. piscicida  toxic activity suggests that con-
tinued coastal eutrophication may lead to an in-
crease in the magnitude and geographical range of
I? piscicida toxic events.
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